OBJECTIVE-To assess the impact of genetic susceptibility on evolution toward type 2 diabetes (T2D) by analyzing time trajectories of fasting glucose, glycated hemoglobin (HbA 1c ), insulin sensitivity (homeostasis model assessment [HOMA2%S]), and b-cell secretion (HOMA2%B) in a large nondiabetic cohort. We also examined whether baseline HbA 1c modified the effect of genetic predisposition on the time trajectories.
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OBJECTIVE-To assess the impact of genetic susceptibility on evolution toward type 2 diabetes (T2D) by analyzing time trajectories of fasting glucose, glycated hemoglobin (HbA 1c ), insulin sensitivity (homeostasis model assessment [HOMA2%S]), and b-cell secretion (HOMA2%B) in a large nondiabetic cohort. We also examined whether baseline HbA 1c modified the effect of genetic predisposition on the time trajectories.
RESEARCH DESIGN AND METHODS-Time trajectories were drawn in 4,744 participants from the French Data from an Epidemiological Study on the Insulin Resistance Syndrome (D.E.S.I.R.) cohort based on samples collected every 3 years over a 9-year follow-up. Trajectories were analyzed according to the TCF7L2 common variant, a family history of T2D, and a combination of at-risk alleles from nine T2D-associated genes.
RESULTS-There was a marked decrease in HOMA2%B in parallel to a steep increase in HbA 1c over the 3 years before incident diabetes, which was not influenced by genetic predisposition when considered alone. However, after the onset of T2D, the TCF7L2 at-risk variant was associated with a greater decrease in HOMA2%B. There was a joint effect of a family history of T2D with the presence of the TCF7L2 risk allele with a greater rise in HbA 1c conferred by the coexistence of a family history and the T risk allele. An HbA 1c $5.7% at baseline was associated with a greater increase in both glycemia and HbA 1c levels in the presence of a combination of diabetes at-risk alleles.
CONCLUSIONS-After incident T2D, TCF7L2 at-risk variants were associated with a faster decrease in b-cell function compared with those with the CC genotype. There was a joint effect of family history of T2D and TCF7L2 risk variant on the rise in glycemia and the decrease in insulin secretion at the end of follow-up, suggesting the joint influence of the combination of diabetes genetic predisposition with familial factors on the evolution of glycemia over time. Diabetes 60: [2654] [2655] [2656] [2657] [2658] [2659] [2660] [2661] [2662] [2663] 2011 I mpaired fasting glucose and type 2 diabetes (T2D) arise from a failure of the b-cell to adequately compensate for insulin resistance (1) (2) (3) (4) (5) (6) . Previous evidence suggests that the combination of moderately elevated glycemia, increased BMI, and family history of T2D is a strong predictor of T2D in the general population (7) . After a compensatory period with a slow linear increase in fasting glucose, a transient unstable period over 2 to 3 years leads to rapidly emerging hyperglycemia and overt diabetes (8) . Concomitant acceleration in both b-cell dysfunction and decreasing insulin sensitivity has recently been shown to occur before the onset of T2D (9) .
Previous evidence shows that genetic susceptibility for T2D could induce an early b-cell dysfunction (10-13). However, the impact of genetic predisposition to T2D on the evolution of glucose homeostasis traits over time in the years preceding T2D onset, and after T2D onset, has not been studied in a general population.
The main aim of our study was to assess the impact of genetic susceptibility on evolution toward diabetes and in the years thereafter by analyzing time trajectories of fasting glucose, glycated hemoglobin (HbA 1c ), b-cell function (using homeostasis model assessment [HOMA]; HOMA2%B), and insulin sensitivity (HOMA2%S) in a large population without T2D at baseline. Because the TCF7L2 polymorphism has the largest effect on T2D susceptibility among the predisposing genes discovered to date (14, 15) , we first analyzed the impact of the TCF7L2 polymorphism alone on trajectories and then investigated the joint effect of the TCF7L2 risk allele and a family history of T2D on the evolution of time trajectories for both HbA 1c and insulin secretion. Second, we assessed the effect of a genetic score integrating the number of at-risk alleles from nine well-defined T2D-associated variants (TCF7L2 rs7903146, CDKN2A/2B rs10811661, CDKAL1 rs7754840, PPARG rs1801282, HHEX rs1111875, IGF2BP2 rs4402960, KCNJ11 rs5219, SLC30A8 rs13266634, and WFS1 rs10010131) (15) .
Finally, because recent evidence shows that glycemia influences the effects of T2D-risk genes on insulin secretion (16), we assessed whether baseline HbA 1c modified the impact of diabetes at-risk genes on the evolution of fasting glucose, HbA 1c , HOMA2%B, and HOMA2%S over the follow-up in the entire cohort. Syndrome (D.E.S.I.R.). Participants were recruited from volunteers offered periodic health examinations free of charge by the French Social Security in 10 health examination centers in western France. All signed an informed consent and the protocol was approved by an ethics committee. Cases of diabetes were identified by a fasting plasma glucose $7.0 mmol/L during one of the four 3-year examinations. Those who were identified as diabetic patients because of treatment for diabetes have not been included in these analyses. After exclusion of individuals with diabetes at baseline, we studied 4,577 participants with information on the TCF7L2 rs7903146 genotype; 167 had incident diabetes.
Subjects were stratified according to 1) the TCF7L2 rs7903146 genotype CC versus T allele carriers (4,744 participants, 167 with incident diabetes), 2) family history of T2D (4,722 participants, 167 with incident diabetes), and 3) the number of at-risk alleles (,12 or $12, the upper quartile) (4,055 participants, 146 with incident diabetes). Nine polymorphisms were chosen to define the number of at-risk alleles (TCF7L2 rs7903146, CDKN2A/2B rs10811661, CDKAL1 rs7754840, PPARG rs1801282, HHEX rs1111875, IGF2BP2 rs4402960, KCNJ11 rs5219, SLC30A8 rs1326634, and WFS1 rs10010131) following previous analyses in this population (15) . Diabetes in the family was defined as either a parent or grandparent with diabetes. Clinical assessment. Two measures of blood pressure, using a mercury sphygmomanometer, were taken in a supine position after 5 min rest; mean values were used. Weight and height were measured in lightly clad participants, and BMI was calculated. The examining physician noted the family history of T2D in a clinical questionnaire; treatment for diabetes and hypertension were recorded. Smoking habits and degree of physical activity (at home, at work, and sport) were assessed using a self-administered questionnaire. Biochemical measurements. All biochemical measurements were from one of four health center laboratories located in France at Blois, Chartres, La Riche, and Orléans. The interlaboratory variability for normal and pathological values was assessed monthly. Fasting plasma glucose, measured by the glucoseoxidase method, was applied to fluoro-oxalated plasma using a Technicon RA100 analyzer (Bayer Diagnostics, Puteaux, France) or a Specific or a Delta device (Konelab, Evry, France). HDL cholesterol and triglycerides were assayed with a DAX 24 (Bayer Diagnostics) or KONE analyzer (Konelab). HbA 1c was determined by high-performance liquid chromatography (L9100 ionexchange analyzer; Hitachi/Merck-VWR, Fontenay-sous-Bois, France) or an immunoassay (DCA 2000; Bayer Diagnostics). Insulin was quantified by microparticle enzyme immunoassay with an automated analyzer (IMX; Abbott, Rungis, France). Glucose, HbA 1c , and insulin have been standardized over laboratories and over the years of the study. Diabetes was defined to include individuals treated for diabetes and those with a fasting plasma glucose $7.0 mmol/L. Indexes of b-cell secretion and insulin sensitivity, HOMA2%B and HOMA2%S, were computed using software downloaded at http://www.dtu.ox.ac.uk. Genotyping. Single nucleotide polymorphism (SNP) genotyping was performed with the SNPlex Technology (Applied Biosystems, Foster City, CA) based on the oligonucleotide ligation assay combined with multiplex PCR target amplification (http://www.appliedbiosystems.com). Statistical analysis. Statistical analyses used SAS version 9.2 (SAS Institute, Cary, NC). Insulin, triglycerides, and HOMA2%B were log transformed for statistical analysis because of their skewed distributions. Baseline characteristics, means and percentages, were compared using Student t and x 2 tests, respectively. A x 2 test was used to compare those who did and did not progress to diabetes according to the TCF7L2 genotype.
Mixed models were used to model repeated data for glucose, HbA 1c , HOMA2%B, and HOMA2%S, over the 3-year examinations, adjusting for age, sex, BMI, and recruitment center. Analyses in those who did and did not develop diabetes during the follow-up period were made, resetting the timeframe, considering year 0, the year of incident diabetes; for those who did not develop diabetes, year 0 corresponded to their last examination. Trajectories of mean values before and after the diagnosis of diabetes were drawn. If diabetic patients were treated by a sulfonylurea, data at the corresponding time points were not included. The slope of HbA 1c between different time points was tested in the mixed models using contrasts.
In the individuals who were screened with diabetes, we then studied the trajectories stratified according to the TCF7L2 genotype, family history of T2D, and finally, the number of diabetes at-risk alleles (,12 vs. $12). We excluded the data at the time points when diabetic patients were treated by a sulfonylurea. The sensitivity of the results was checked by including all the available data from the 167 diabetic patients, including those who were treated, and additionally, by adjusting on treatment type (lifestyle, metformin, sulfonylurea, and acarbose). We used pairwise testing between groups with t tests from the mixed model and also the overall tests to assess the differences between groups, over all time points. Interactions between the years and the groups were tested, over differing time periods-year 29 to +6, year 29 to 0, and year 0 to +6-to ascertain whether the relations over these periods differed; P values are shown in the figures.
In the entire cohort (n = 4,080 at baseline), logistic regression analyses were used to study 9-year incident diabetes according to family history of T2D and both TCF7L2 and the genetic risk score, after adjusting for age, sex, BMI, and recruitment center. We also studied the evolution of HbA 1c over the 9 years of follow-up in all participants, stratified by the presence of a family history of diabetes, after adjustment for age, sex, BMI, and recruitment center, according to TCF7L2 risk variant.
For the evolution of HbA 1c over the 9 years of the study, there was a significant interaction between baseline HbA 1c ,5.7 and $5.7% (the American Diabetes Association for the at-risk for diabetes group) (17) and the number of at-risk alleles ,12 and $12 (P = 0.0015). We therefore stratified the cohort according to baseline HbA 1c to assess whether glucose metabolism at baseline modulated the impact of genetic predisposition on the evolution of fasting glucose and HbA 1c . Interactions were tested between at-risk allele groups, according to HbA 1c strata, and are presented as P trajectories in the figures.
RESULTS
Time trajectories of glucose homeostasis traits in individuals who did and did not progress toward diabetes. As expected, those who progressed to T2D had a worse metabolic profile at baseline compared with those who did not (Supplementary Table 1 ). In participants with incident T2D, a linear increase in HbA 1c was followed by a steep increase 3 years before diagnosis of T2D, then a small decrease 3 years after diagnosis (Fig. 1 ). In mixed model analysis, the HbA 1c time slopes between years 26 and 23 and between years 23 and 0 were significantly different (P , 0.001), confirming the steep increase in HbA 1c over the 3 years before the incidence of T2D. The same pattern was seen for fasting plasma glucose, which had been used to define incident T2D.
Time trajectories of glucose homeostasis traits according to TCF7L2. There was no difference between baseline characteristics according to TCF7L2 variants for participants with incident T2D (Table 1 ). The frequency of the TCF7L2 risk allele was significantly different between individuals who progressed to T2D and those who remained nondiabetic over the follow-up (60 vs. 51%, P = 0.02). Before T2D onset, the TCF7L2 genotype, when considered alone, had no influence on HbA 1c or HOMA2%B trajectories (Fig. 2) ; nor did it have an influence on HOMA2%S trajectories (not shown). However, at-risk variants in the TCF7L2 gene (CT + TT) were associated with an increase in HbA 1c and a faster decrease in HOMA2%B after T2D onset, with significant age-, sex-, BMI-, and recruitment center-adjusted differences 6 years after (P = 0.03 and P = 0.006, respectively) (Fig. 2) . There was no significant interaction over the year 0 to +6 period for HbA 1c , but this was significant for HOMA2%B (P = 0.03). Time trajectories of glucose homeostasis traits according to family history of diabetes. There was no difference between baseline characteristics according to the presence of a family history of T2D, except for a lower percentage of men (P = 0.0006) and a trend for a higher BMI (P = 0.06) ( Table 1 ). There were no significant differences in HbA 1c trajectories according to family history of T2D (Fig. 3 ) or in fasting glucose (not shown), but there was a trend, albeit not significant, for a higher postdiagnosis HbA 1c in those with a family history of T2D (Fig. 3) . A family history of T2D was associated with a lower HOMA2%B (at three time points, with a trend for interaction over the entire time period years 29 to +6: P = 0.08) (Fig. 3) and a lower HOMA2%S (interaction over years 29 to +6: P = 0.06) Data are presented as mean (SD) unless otherwise indicated. sBP, systolic blood pressure; dBP diastolic blood pressure.
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(not shown) in those with incident T2D, after adjustment for age, sex, BMI, and recruitment center.
There was a joint effect of family history of T2D and the TCF7L2 risk variant on the HbA 1c trajectory with a significantly higher HbA 1c and a more pronounced decline in HOMA2%B in individuals with a family history of T2D who carried the TCF7L2 risk allele as compared with those with the CC genotype without a family history (P = 0.003 for HOMA2%B (B) in the 167 participants with incident diabetes, after adjustment for age, sex, BMI, and recruitment center, according to TCF7L2 variants. Data after diabetes diagnosis in those treated by sulfonylureas are not included. *P < 0.05 for each time point. P values for the interactions between the two groups and trajectories over time are given for the entire time: from year 29 to +6, from year 29 to 0 before diabetes, and from year 0 to +6 after diabetes.
HbA 1c and P = 0.0001 for HOMA2%B 6 years after incident T2D). Furthermore, in logistic regression on the entire cohort, the TCF7L2 risk variant remained significantly related to the risk of 9-year incident diabetes, after adjusting for the presence of a family history (P = 0.01). If we stratified the population according to the presence of a family history of T2D, those with a family history and the TCF7L2 risk allele had higher HbA 1c levels at 9 years HOMA2%B (B) in the 167 participants with incident diabetes, after adjustment for age, sex, BMI, and recruitment center, according to family history of diabetes. Data after diabetes diagnosis in those treated by sulfonylureas are not included. *P < 0.05 for each time point. P values for the interactions between the two groups and trajectories over time are given for the entire time: from year 29 to +6, from year 29 to 0 before diabetes, and from year 0 to +6 after diabetes.
than those with a family history and the CC genotype (Fig. 4) . Time trajectories of glucose homeostasis traits according to a genetic risk score. Among the incident cases of diabetes with $12 at-risk alleles, there was no difference between baseline characteristics according to the number of at-risk alleles, except for a higher percentage of men (P = 0.04) and a higher percentage of individuals with no physical activity (P = 0.02) ( Table 1 ). There was no significant difference in HOMA2%B trajectories according to the genetic score (Fig. 5) , and the same was the case for fasting glucose, HbA 1c , and HOMA2%S (data not shown). In logistic regression, a genetic score $12 was significantly associated with the risk of incident diabetes in the absence, but not in the presence, of a family history of T2D (P = 0.0002 and P = 0.3, respectively, with P-interaction = 0.04). Impact of the glycemic status on the effects of the genetic score. We assessed whether baseline HbA 1c modified the impact of diabetes risk genes on the evolution of HbA 1c in the entire cohort (n = 4,080 at baseline) during the 9 years of follow-up. Individuals with both a genetic score of $12 at-risk alleles and an HbA 1c $5.7% at baseline had a higher plasma fasting glucose and higher HbA 1c at year 3 (P = 0.05 for glycemia, P = 0.02 for HbA 1c ), year 6 (P = 0.03 for glycemia, P = 0.002 for HbA 1c ), and year 9 (P = 0.0002 for glycemia, P = 0.0001 for HbA 1c ) than those with baseline HbA 1c $5.7% and a genetic score ,12 (Fig. 6) . The effects of a high genetic score on time trajectories for both glycemia and HbA 1c appear to be more pronounced for those with a slightly elevated HbA 1c at baseline than for those with HbA 1c ,5.7%.
In parallel, those with both a genetic score of $12 at-risk alleles and an HbA 1c $5.7% had a decrease in HOMA2%B at each of the 3-year examinations (P = 0.01 at year 3, P = 0.03 at year 6, and P = 0.008 at year 9) as compared with those with HbA 1c $5.7% and a genetic score of ,12 at-risk alleles (data not shown). HOMA2%S did not differ at any time point according to the genetic score in either HbA 1c subgroup.
DISCUSSION
We describe the 9-year trajectories of fasting glycemia, HbA 1c , and insulin secretion and insulin sensitivity indexes before and 3 and 6 years after diabetes was screened in a large middle-aged population without T2D at baseline. For individuals who remained nondiabetic throughout the follow-up, metabolic trajectories showed a remarkable stability with little progressive increase in glycemia or HbA 1c -there was an increase only in BMI over time (not shown) .   FIG. 4 . Trajectories over the 9 years of follow-up of HbA 1c in all participants (n = 4,080 at baseline), stratified by the presence of a family history of diabetes, after adjustment for age, sex, BMI, and recruitment center, according to TCF7L2 risk variant. *P < 0.05 for each time point. P trajectories is the P value for the interaction between values within each group.
Our findings are in agreement with the study by Tabák et al. (9) , who described a linear increase in glycemia followed by a steep increase starting 3 years before diabetes diagnosis in parallel to a fall in insulin secretion starting 4-5 years before diabetes diagnosis. Other studies report a steep increase in fasting glycemia 1 to 3 years before diabetes diagnosis (4, 18, 19) . We expand these findings by showing a similar pattern for HbA 1c with a steeper increase 3 years before T2D was screened. In contrast, HbA 1c values remained very stable in those who did not develop T2D over the follow-up. Our results suggest that individuals who presented with a progressive increase in HbA 1c values, even within the normal range, had an increased risk of developing T2D in the next 3 to 6 years and would probably benefit from a lifestyle intervention. Baseline HOMA2%B, a proxy for insulin secretion, did not differ between participants who developed T2D in comparison with those who remained nondiabetic, with a decrease in insulin secretion emerging only 3 to 6 years before diabetes was screened. This decline in insulin secretion may contribute to precipitate the onset of T2D in these patients.
We report for the first time the longitudinal effects of T2D predisposing genes on glucose homeostasis traits. Participants with at-risk variants in the TCF7L2 gene or with a high number of at-risk alleles for nine T2D-associated genes had lower HOMA2%B after incident diabetes but similar HOMA2%S values during follow-up. This is an expected result because most of these genes are related to b-cell function (10) .
In our study, the frequency of the TCF7L2 risk allele was significantly higher in those who progressed toward T2D as compared with the nonincident cases. This is in agreement with previous findings by Lyssenko et al. (20), who showed that the CT/TT genotypes of SNP rs7903146 strongly predicted incident T2D in two large cohorts through reduced stimulated-insulin secretion. In the Diabetes Prevention Program (DPP) study, carriers of the T allele had decreased insulin secretion accompanied by a lower BMI and an increase in insulin sensitivity, and the TT genotype was associated with progression to diabetes in the placebo group (21) . Time trajectories over the years before diabetes onset were not substantially modified by genetic status, and all incident case subjects showed a similar pattern of decreased b-cell function and insulin sensitivity over time. Participants with incident T2D and carrying the risk-conferring variants of TCF7L2 had a more pronounced decrease in HOMA2%B after T2D diagnosis. Our results persisted after adjustment for the type of treatment (lifestyle only, metformin, and acarbose), and similar findings were observed after inclusion of those with sulfonylurea treatment (data not shown). Even though the number of patients studied after diabetes diagnosis was low, these data suggest that the at-risk variant of TCF7L2 is associated with a further decrease in b-cell function over time, despite hypoglycemic treatment.
TCF7L2, a transcription factor involved in the Wnt signaling pathway, has the largest effect on T2D susceptibility among the predisposing genes discovered to date (15, 22) . Although it remains to be determined exactly how a reduction of TCF7L2 gene expression inhibits insulin secretion, a reduced sensitivity of the b-cell to incretins has been recently suggested as the main underlying mechanism (23) . In vitro and animal studies of nonautoimmune diabetes show that incretin-based agents have the potential to expand b-cell mass (24-28). Thus, a reduced sensitivity of the b-cell to incretin hormones could explain the faster deterioration in HOMA2%B after diabetes onset in TCF7L2 at-risk genotypes. Our results support the initiation of trials testing early use of incretin drugs in these patients to prevent the decline in insulin secretion.
We observed that the time-varying effect of at-risk variants on glucose homeostasis traits seems to be magnified in those with a baseline HbA 1c $5.7%, with a progressively higher fasting glucose and HbA 1c in relation to decreased insulin secretion, as compared with those without a high predisposing genetic score. The effect of the genetic score was not apparent for those with a normal HbA 1c at baseline. This is in agreement with a recent report suggesting a greater impact of TCF7L2 and WFS1 in individuals who already have dysglycemia (16) . We noted a similar trend, albeit not significant, when considering the TCF7L2 at-risk variant only (data not shown). Our longitudinal findings confirm the interaction of glycemia with the modest effects of genetic variations on the evolution of glucose homeostasis traits over time in the general population. In the presence of higher baseline HbA 1c , both fasting glucose and HbA 1c levels, which were similar according to the genetic score at the inclusion, progressively increased over time in those with a high number of at-risk alleles. This is in agreement with data from the DPP study showing that among participants with both impaired glucose tolerance and elevated fasting glucose, a higher genetic score was associated with a lower probability of regression toward normoglycemia over the 3.2-year follow-up (15) . This may relate to an increased vulnerability of the b-cell to glucotoxicity in individuals with a genetic predisposition to T2D.
A limitation of the study is the absence of confirmatory retesting of fasting glucose to diagnose diabetes. Variability in the measure of fasting glucose and the use of a threshold artificially accentuates the rapid rise at the time of diagnosis and the observed lower values of fasting glucose 3 years after diagnosis. Several other studies, however, report the same rapid rise in fasting glucose 2-3 years before diagnosis (4, 9, 18) . Moreover, the parallel rise in HbA 1c and the decline in HOMA2%B and in HOMA2%S concomitant to the rise in fasting glucose are consistent with the steeper glycemia trajectory before T2D. Our findings on family history of T2D need to be interpreted with caution because the number of subjects in our study is low. Further epidemiological studies are needed to characterize the nature and the physiological effects of the contributing factors involved in the family predisposition of T2D.
The HOMA2%B is a practical but limited tool to quantify b-cell function. This index has previously been shown to independently predict the risk of diabetes in a large cohort, supporting its relevance to estimate insulin secretion in epidemiological studies (29) . The lack of a more sensitive measure of first-phase insulin secretion would probably have masked subtle b-cell defects across declining glucose tolerance status. Although HOMA2%B is strongly correlated with the acute insulin response, defects of first-phase insulin secretion are more pronounced before diabetes onset, as compared with defects characterized by HOMA2%B (2).
In conclusion, T2D-associated variants were associated with a progressive increase in glycemia and HbA 1c in parallel to a lower b-cell function over time, which was more apparent in individuals who carried the predisposing TCF7L2 rs7903146 high-risk variant and a family history of T2D. In addition, an HbA 1c $5.7% at baseline was associated with a greater increase in both glycemia and HbA 1c levels in the presence of a combination of diabetes risk alleles. These findings suggest that the combination of diabetes genetic predisposition with familial factors may help to better identify individuals at high risk to maintain hyperglycemia over time.
